Wolin, Michael S., Mansoor Ahmad, and Sachin A. Gupte. Oxidant and redox signaling in vascular oxygen sensing mechanisms: basic concepts, current controversies, and potential importance of cytosolic NADPH. Am J Physiol Lung Cell Mol Physiol 289: L159 -L173, 2005; doi:10.1152/ajplung.00060.2005.-Vascular smooth muscle (VSM) derived from pulmonary arteries generally contract to hypoxia, whereas VSM from systemic arteries usually relax, indicating the presence of basic oxygen-sensing mechanisms in VSM that are adapted to the environment from which they are derived. This review considers how fundamental processes associated with the generation of reactive oxygen species (ROS) by oxidase enzymes, the metabolic control of cytosolic NADH, NADPH and glutathione redox systems, and mitochondrial function interact with signaling systems regulating vascular force in a manner that is potentially adapted to be involved in PO 2 sensing. Evidence for opposing hypotheses of hypoxia, either decreasing or increasing mitochondrial ROS, is considered together with the PO2 dependence of ROS production by Nox oxidases as sensors potentially contributing to hypoxic pulmonary vasoconstriction. Processes through which ROS and NAD(P)H redox changes potentially control interactive signaling systems, including soluble guanylate cyclase, potassium channels, and intracellular calcium are discussed together with the data supporting their regulation by redox in responses to hypoxia. Evidence for hypothesized potential differences between systemic and pulmonary arteries originating from properties of mitochondrial ROS generation and the redox sensitivity of potassium channels is compared with a new hypothesis in which differences in the control of cytosolic NADPH redox by the pentose phosphate pathway results in increased NADPH and Nox oxidase-derived ROS in pulmonary arteries, whereas lower levels of glucose-6-phosphate dehydrogenase in coronary arteries may permit hypoxia to activate a vasodilator mechanism controlled by oxidation of cytosolic NADPH. hydrogen peroxide; hypoxia; Nox oxidase; mitochondria; pentose phosphate pathway
The direct binding of O 2 to a protein such as the hemecontaining soluble guanylate cyclase (sGC) (31, 89) that is directly linked to the control of cellular function would be an ideal way of sensing changes in PO 2 . However, a protein of this type has not yet been identified in vascular tissue. The substrate requirement for enzymes that metabolize oxygen is usually one of the most fundamental mechanisms through which PO 2 is sensed at the cellular level. Although the oxygen requirement for mitochondrial energy metabolism needed for the generation of force is the most basic mechanism of tissue oxygen sensing, there are only a few instances where this process appears to be the primary mechanism present in blood vessels controlling their response to acute changes in force elicited by hypoxia (95, 101) . Thus other aspects of the activities of oxygen metabolizing enzyme having actions that influence cellular function need to be considered for their potential role in cellular sensing of PO 2 . Some types of enzymes that appear to function as cellular PO 2 sensors include oxygenase enzymes generating mediators such as eicosanoids and nitric oxide that regulate signaling processes, hydroxylases generating regulatory mediators or modifying protein groups (e.g., proline) often associated with removal of these protein subunits, oxidases producing reactive oxygen species (ROS), and other aspects of mitochondrial metabolism and electron transport beyond their role in aerobic energy metabolism (1, 104, 107, 115) . Because processes that are then influenced by the actions of oxygen metabolizing enzymes are potentially components of intracellular or tissue-derived mediator signaling mechanisms involved in PO 2 sensing, many cellular systems may appear to be participants in regulation by oxygen tension. Some of the intracellular processes in vascular smooth muscle that seem to be regulated by acute changes in PO 2 include K ϩ channels, systems controlling intracellular Ca 2ϩ , and the activity of sGC. Whereas many systems mentioned above (and others summarized in Table 1 ) seem to influence the control of organ blood flow by acute and chronic changes in PO 2 , pulmonary and systemic vascular smooth muscle cells appear to directly respond to changes in PO 2 through mechanisms that have a diversity of hypothesized origins often linked to changes in ROS and redox systems associated with energy metabolism. Review articles have considered the early literature in the broad field of vascular oxygen sensing controlling systemic organ blood flow by hypoxia (103) and the role of ROS and redox signaling (115) functioning through the redox regulation of K ϩ channels (65, 77) and cellular calcium homeostasis (101, 104, 107) in hypoxic pulmonary vasoconstriction (HPV). In this review, we focus on current knowledge and controversies in the area of how oxidases generating ROS and the function of key cellular redox systems interacting with ROS metabolism potentially function as O 2 sensors participating in vascular force responses elicited by acute changes in PO 2 , with a focus on systems that are present in vascular smooth muscle cells.
Initial suggestions that ROS formation and metabolism could function in PO 2 sensing mechanisms (96) , potential roles of oxidant signaling in pancreatic cell function (93) , and observations on how ROS (108) and thiol oxidation (110) cause relaxation in the pulmonary vasculature resulted in the proposal of a redox theory for the actions of hypoxia regulating K ϩ channels (5, 9) . In this theory, HPV was proposed by Archer et al. (5) to result from removing the oxidizing influence of mitochondria-derived ROS on cytosolic NAD(P)H and glutathione (GSH) redox systems. As shown in Fig. 1 , the oxidation of these redox systems was proposed to maintain low levels of pulmonary artery force under normoxia by promoting hyperpolarization through opening K ϩ channels by oxidizing thiols on these channels. Several observations have contributed to an emphasis of alternatives to the initial redox hypothesis. We initially found that hydrogen peroxide relaxed pulmonary arteries through increasing cGMP (15) and that hypoxia appeared to cause contraction associated with a lowering peroxide and cGMP in bovine pulmonary arteries (16, 17) . Subsequently, we detected evidence for NAD(P)H oxidase (Nox) as the major source of basal ROS generation in this vascular segment (34, 70, 73, 85) . Evidence for additional alternative mechanisms including hypoxia causing a ROS-mediated contraction (111) , hypoxia promoting contraction through increasing ROS with either Nox oxidases (58) or mitochondria (105-107) being a major source of these ROS under hypoxia, have also contributed to the existence of extreme controversy in this field. There are also several different redox-associated theories for why systemic arterial smooth muscle relaxes to hypoxia, including hypoxia increasing mitochondria-derived ROS (64) and hypoxia causing relaxation through the oxidation of cytosolic NADPH (35, 37) . Whereas limitations of the actions of pharmacological-type probes and ROS detection methods employed are often used to explain the diversity of theories that exist, the majority of mechanisms that have been investigated in isolated endothelium-removed blood vessels and cultured vascular smooth muscle cells provides rather solid evidence for the existence of many key aspects of these diverse theories. Thus this review emphasizes the description of the known properties of the ROS and NAD(P)H-linked redox controlled systems potentially contributing to mechanisms of PO 2 sensing in vascular smooth muscle, and it attempts to then define the origins of the controversies that exist in this field by considering potential physiological aspects of how the systems were examined.
PROPERTIES AND POTENTIAL ROLE OF ROS GENERATING OXIDASES AS VASCULAR PO2 SENSORS
Most cellular sources of ROS production appear to show a rate of generation of these species that changes over the range of oxygen tensions that are thought to regulate physiological processes. When the properties of purified oxidase systems are examined, they usually show increasing rates of generation of superoxide anion and/or hydrogen peroxide, the one-and two-electron-reduced products of molecular O 2 , respectively, with increasing PO 2 in a manner consistent with O 2 functioning as a substrate for these enzymatic systems. However, there is much evidence suggesting that the regulation of other aspects of ROS metabolism create conditions where the levels or actions of these species can increase under hypoxia. Although each method of ROS detection has limitations, there is a convincing level of combined detection and signaling evidence provided by the multiple approaches used that isolated pulmo- Fig. 1 . Model showing initial concepts of the redox hypothesis for hypoxic pulmonary vasoconstriction, emphasizing hypoxia decreasing mitochondrial reactive oxygen species (ROS) production, which normally dilates pulmonary arteries under normoxic conditions through oxidizing cytosolic NAD(P)H and GSH redox systems. The oxidation of these systems was thought to maintain the opening of K ϩ channels, causing hyperpolarization and relaxation through closing voltage-regulated Ca 2ϩ channels. The model is expanded to include alternative roles for NAD(P)H (Nox oxidases) and cGMP. Kv, voltage-gated K ϩ ; sGC, soluble guanylate cyclase; ETC, electron transport chain. (64) nary arteries or vascular smooth muscle cells can show either increased or decreased levels of ROS during hypoxia (56, 58, 64, 70, 73, 85, 106, 107) . Thus one needs to consider how oxidases are functioning in vascular tissue under physiological conditions. Because the activities of oxidase systems appear to be highly regulated by physiological processes and the availability of electron-donating substrates used to reduce O 2 , the role of each oxidase system as a potential PO 2 sensor will be highly controlled by factors beyond the PO 2 dependence of O 2 as a substrate for these oxidase systems unless these systems are active and have adequate electron donor [e.g., NAD(P)H] availability under baseline physiological conditions.
There are several different sources of ROS generation in cells present in vascular tissue that could function as a sensor of PO 2 through their substrate requirements for oxygen. Many of the known ROS-generating oxidases utilize electrons derived from NADPH or NADH for the production of ROS from molecular oxygen. There is now strong evidence that certain NAD(P)H oxidase systems (Nox) containing subunits initially identified in the phagocytic cell oxidase system show a baseline ROS generating activity in vascular cells that could function in PO 2 sensing (34, 58) . Nox-1, Nox-2, and Nox-4 have been reported to be present in most of the cell types in the vascular wall, including smooth muscle (53) . In general, the mitochondrial electron transport chain is potentially a significant cellular source of ROS. There is also substantial evidence based on probes that regulate mitochondrial electron transport that ROS generated in the proximal part of the electron transport chain have the ability to function in controlling signaling responses linked to vascular PO 2 sensing (65, 77, 107) . Xanthine dehydrogenase/oxidase, cytochrome P-450, nitric oxide synthase (NOS), and cyclooxygenase are endothelial cell enzyme systems, also potentially present in vascular smooth muscle, that can generate ROS under certain circumstances. Although most of these other oxidases can be significant sources of ROS under specific physiological and pathophysiological conditions, there is generally an absence of evidence that they generate vasoactive levels of ROS under baseline conditions. Thus these other oxidase systems may not participate in the sensing of acute changes in PO 2 through changes in ROS generation under basal physiological conditions. It is important to consider what is known regarding processes that control ROS generating activity of these enzyme systems because they could become PO 2 sensors under conditions where physiological systems are stressed by pathophysiological conditions.
NOX OXIDASES
Properties of Nox oxidases. Vascular smooth muscle and other cell types in the blood vessel wall seem to contain NAD(P)H oxidase activity originating from Nox-1, Nox-2, and/or Nox-4 that appear to be actively generating superoxide and its metabolic products such as hydrogen peroxide (34, 38, 98) . Although little is known regarding the actual role of the individual Nox oxidases in vascular PO 2 sensing, each oxidase has unique properties that may provide insight into how these enzymes contribute to the regulation of cellular function. Nox-2 is the most-studied oxidase as a result of its importance in generating ROS in phagocytic cells (10, 52) . In unstimulated phagocytic cells, an inactive form of Nox-2 is present in membranes containing gp91phox (now termed Nox-2) and p22phox subunits. All of the ROS generating Nox oxidase systems are thought have Nox subunits that contain a flavin electron transfer system to a b 558 -type cytochrome, and most of these oxidases have been shown to also contain the p22phox subunit. Phagocytic cell activation promotes phosphorylation of a cytosolic p47phox subunit, associated with binding of this subunit to other cytosolic p67phox and p40phox subunits. Subsequent binding of this subunit complex to the membranebound subunits then permits electron transfer from NADPH into a flavin-linked cytochrome b 558 that subsequently reduces molecular oxygen into superoxide. The reduced (Fe 2ϩ ) form of cytochrome b 558 appears to directly react with oxygen at a very rapid rate [ϳ10 Ϫ7 M Ϫ1 s Ϫ1 at 10°C (46)]. This rapid reaction rate is consistent with an absence of evidence for the detection of Fe 2ϩ cytochrome b 558 in cells or membrane preparations under aerobic conditions, and it suggests that the PO 2 dependence of this oxidase will be both a function of the rate of electron transfer to cytochrome b 558 and concentration of oxygen that reacts with the Fe 2ϩ form of this cytochrome. This superoxide generating process is further enhanced through the cell activation as a result of promoting binding of the small GTPase Rac to a different site on the gp91phox subunit. In vascular smooth muscle, p47phox and Rac-1 appear to be involved in Nox-oxidase activation, and there is currently a lack of evidence for p67phox and p40phox subunits having a role in controlling Nox activity (53) . Recent studies have provided evidence that a Nox-O1 subunit functions in a manner similar to the p47phox subunit in promoting Nox-1 activity, but it seems to be already bound to Nox-1 in the absence of cellular stimulation (52) . It is thought that cell activationstimulated binding of a Nox-A1 subunit to Nox-1ϩNox-O1 further increases its superoxide generating activity in a manner similar to p67phox. However, the role of these subunits in the control of Nox-1 activity in vascular smooth muscle is not yet known. Nox-4 does not seem to have a site that has been linked to the binding of p47phox or Nox-O1 subunits (52) , suggesting it may have another mechanism of regulation or that it is actively generating a basal level of ROS in the absence of cellular stimulation. Nox-4 was initially described as a renal Nox (renox), which was suggested to be a PO 2 sensor involved in controlling the production of erythropoietin (30) . The emerging picture of how these oxidases function is that each oxidase may have specific subcellular sites that are colocalized with signaling systems that control the activity of the oxidase and signaling mechanisms regulated by the ROS generated by the oxidase (40, 114) . Whereas the Nox oxidases seem to utilize both NADH and NADPH as substrates, the greater availability of cytosolic NADPH over NADH may cause it to be the primary substrate for the baseline activity of these oxidases seen under normoxic conditions (34) . Changes in many physiological stimuli such as growth factors including angiotensin II, pressure and shear forces, nitric oxide, and PO 2 can potentially influence the expression, activation, and/or availability of NAD(P)H as substrates for these oxidases. On the basis of the properties of Nox oxidases, it appears that hypoxia could cause an acute increase in ROS production by augmenting rates of electron transport to cytochrome b 558 , and this could occur through hypoxia promoting oxidase activation and/or increasing the availability of its NADH or NADPH substrates. Thus the Nox oxidases are potentially highly adapt-able systems for different roles in vascular PO 2 sensing and the regulation of many redox-controlled regulatory processes.
Potential roles of Nox oxidases as vascular PO 2 sensors. There are hypotheses for Nox oxidases having key roles in either increasing (58, 111) or decreasing (34, 70, 73, 85) their production of vasoactive ROS in the pulmonary hypoxic vasoconstriction response. A general limitation in this area has been methods of probing the role of Nox oxidases. Hypotheses supporting the role of Nox oxidases as a source of either increased vasoconstrictor ROS or decreases in vasodilator ROS during hypoxia are based on potentially nonspecific inhibitors of these oxidases such as diphenyleneiodonium-type agents (58, 64, 70, 71, 100) selectively attenuating the detection of superoxide and/or the pulmonary vascular contraction to hypoxia, under conditions where they do not markedly alter the response to other vasoconstrictors. For example, in endothelium-removed bovine pulmonary arteries, we have observed (70, 72) that hypoxia decreases the detection of superoxide derived from what appears to be a Nox-type oxidase, which is inhibited by diphenyliodonium under conditions where this probe attenuates contraction to hypoxia. The primary sources of superoxide generation in these bovine pulmonary arteries appear to be cytosolic NAD(P)H redox-dependent Nox-type oxidases (34, 73, 74 ). Hypoxia appears to decrease hydrogen peroxide metabolism by catalase and a relaxation that seems to be mediated through this process stimulating cGMP production by sGC in these arteries (16, 17) . In addition, lowering intracellular peroxide with ebselen and inhibiting catalase-mediated stimulation of guanylate cyclase with 3-amino-1,2,4-triazole mimics the effects of hypoxia on force in these bovine pulmonary arteries (16, 72) . The support for Nox oxidases increasing ROS generation under hypoxia includes evidence from the laboratory of Marshall et al. (58) for showing in scintillation vial experiments that hypoxia increased the detection of superoxide from large and resistance bovine arterial smooth muscle in a manner inhibited by diphenylene iodonium and not by the mitochondrial inhibitor myxothiazol. This study also reported evidence that diphenylene iodonium also attenuated contraction to hypoxia in cat pulmonary arteries without increasing force. Observations by Weissmann and colleagues (111) in saline-perfused rabbit lungs of an attenuation of the contraction to hypoxia by an inhibitor of Nox oxidases [4-(2-aminoethyl) benzenesulfonyl fluoride] without increases in baseline perfusion pressure or agonist-induced contraction under normoxia have also been interpreted as originating from increased Noxderived ROS under hypoxia. Since the pulmonary vessels from mice lacking gp91phox (Nox-2) have been demonstrated to show normal contractile responses to hypoxia associated with decreased detection of superoxide (8) , there is rather strong evidence against a key role for changes in the generation of ROS by Nox-2 in the hypoxia-elicited contractile response. However, recent studies have detected Nox-4 (in addition to Nox-2) in pulmonary arteries that contract to hypoxia (34) . Whereas apocynin appears to inhibit basal Nox-2 activity in bovine pulmonary arteries (34) , this probe does not appear to attenuate hypoxia-elicited increases in cultured rat pulmonary arterial smooth muscle cells (105) or force in bovine pulmonary arteries (Ahmad and Wolin, unpublished observations) or mimic the effects of hypoxia in rat lungs (105) . Thus the role of Nox-4 needs to be a focus of future studies examining the role of Nox oxidases in pulmonary arterial responses to hypoxia.
MITOCHONDRIAL ROS GENERATION
Properties of ROS generation by mitochondria. Mitochondria are a potential source of ROS generation in all cells, and their ability to generate these species has many facets that need to be considered. Early work by Chance and colleagues (19) investigating peroxide release from mitochondria provided evidence that isolated mitochondria studied in the presence of substrate, ATP, and O 2 ("state 4") showed higher levels of hydrogen peroxide formation than mitochondria studied under similar conditions replacing ATP with ADP ("state 3"). This work led to evidence for two sites in the electron transport chain that appear to be the major sources of mitochondrial superoxide generation (see Fig. 2 ). One site is in the NADH dehydrogenase in the region of complex I proximal to the location where rotenone inhibits electron transport. The other major site identified was in the region of the Q-cycle distal to the myxothiazol and proximal to the antimycin A sites of electron transport inhibition. Superoxide formation from this site was thought to be closely associated with the levels of the ubisemiquinone or one-electron-reduced form of coenzyme Q (39, 78) . Manganese superoxide dismutase (Mn-SOD) in the matrix of mitochondria appears to convert superoxide generated from both the complex I site and ubisemiquinone in the region of the Q i site of complex III into hydrogen peroxide, whereas copper-zinc superoxide dismutase (Cu,Zn-SOD) on the cytosolic side of the mitochondrial inner membrane is thought to convert superoxide generated from ubisemiquinone in the region of the Q O site into hydrogen peroxide. Mitochondria are thought to release peroxide as a result of permeability through membranes and superoxide through voltage-gated anion channels located on the outer membrane of mitochondria. Antimycin is thought to bind at the Q i site in a manner that enhances the levels of ubisemiquinone and superoxide generation, whereas myxothiazol is thought to bind at the Q O site and prevent ubisemiquinone formation. Some of the most recent work on the site of superoxide production in the NADH dehydrogenase suggests that superoxide is either generated at the flavin site linked to electron transfer system with the iron-sulfur center of complex I (50) or the site where complex I binds ubisemiquinone in a manner that is stabilized by rotenone (51) . There is also recent evidence that complex I reduces coenzyme Q to its hydroquinone form (QH 2 ) through a ubisemiquinone intermediate that can be stabilized (83) . Several factors appear to control superoxide production at these sites located in the proximal portion of the electron transport chain. It is currently thought that elevated superoxide production is related to increased reduction of the proximal portion of the electron transport chain, which is generally associated with high availability of mitochondrial NADH and protomotive force. Freeman and Crapo (29) showed how isolated mitochondria increase their production of ROS as a function of PO 2 , and work from Waypa et al. (105, 106) has provided evidence that hypoxia can promote increased mitochondrial ROS production primarily from the ubisemiquinone site associated with complex III. However, it is perhaps more important to highlight that baseline release of ROS from mitochondria seems to be essentially not detectable until these organelles are exposed to inhibitors of electron transport or oxidative stress (50, 99) . Mitochondrial levels of Ca 2ϩ appear to control the activity of the Krebs cycle under physiological conditions, and multiple pathophysiological processes promote Ca 2ϩ -dependent increases in the generation of ROS by mitochondria (14) . In a recent study in cultured neurons, it was demonstrated that a brief transient exposure to high physiological levels of intracellular Ca 2ϩ promotes a prolonged increase in mitochondrial ROS generation from a site that is inhibited by rotenone (43) . Thus other factors occurring under physiological conditions, such as brief exposure to high levels of intracellular Ca 2ϩ or oxidants, may enhance mitochondrial ROS generation.
Evidence for hypoxia decreasing mitochondrial ROS supporting the redox hypothesis of pulmonary hypoxic vasoconstriction. Perspectives on the strengths and weaknesses of evidence supporting a role for mitochondria decreasing (77) and increasing (107) ROS generation in mediating the process of pulmonary hypoxic vasoconstriction are the subjects of two very recently published review articles. Thus our discussion will focus on concisely describing the strongest fundamental evidence related to the role of mitochondria-derived ROS in responses of vascular smooth muscle to hypoxia in a manner that allows the discussion of alternative hypotheses for potential metabolic roles of mitochondria in influencing cytosolic NADP(H) redox-linked sensing mechanisms that are considered in this review article. Studies on the role of mitochondrial ROS in vascular PO 2 sensing evolved from the redox hypothesis of Archer et al. (9) . Initially, it was observed that hypoxia, rotenone, and antimycin decreased the detection of ROS from perfused lungs detected by lucigenin and/or luminol chemiluminescence (5, 86) , and subsequently these agents were shown to decrease ROS in isolated rat pulmonary arteries and mitochondria isolated from these arteries by several additional detection methods (64) . Early studies by Rounds and McMurtry (91) had demonstrated that these mitochondrial inhibitors caused transient vasoconstriction responses in perfused rat lungs. On the basis of these observations and finding that rotenone and antimycin inhibited both the subsequent hypoxic vasoconstriction responses in perfused lungs and K ϩ currents in isolated pulmonary artery smooth muscle cells in a manner similar to hypoxia, it was hypothesized that hypoxia closed the . The data supporting hypoxia increasing mitochondria-derived ROS are most consistent with superoxide generation originating from complex III. The model also shows some key aspects of mitochondrial-cytosolic metabolic redox interactions. Mal-Asp, malate-aspartate; glycerol-Pi, glycerol phosphate; lac dh, lactate dehydrogenase; AcCoA, acetyl coenzyme A; F1, ATP synthase site; IF1, inhibitor subunit of the F1 ATPase reaction; Mn-SOD, manganese superoxide dismutase; Cu,Zn-SOD, copper-zinc superoxide dismutase. See the text for further description.
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ϩ channels by causing a shift to a more reduced cytosolic redox state through decreasing the release of mitochondriaderived ROS (5). Michelakis and colleagues (64) also reported evidence that pulmonary arteries had mitochondria that differed from renal artery mitochondria in that isolated pulmonary artery mitochondria produced more ROS from a source inhibited by antimycin, had lower levels of complex I and III protein subunits, and showed a more depolarized mitochondrial membrane potential in primary cell cultures than renal arterial smooth muscle cells. In addition, this group provided evidence that renal arteries show an increase in superoxide detected by lucigenin under hypoxia. Thus in rat pulmonary arteries hypoxia has been observed to decrease vasodilator ROS production from the proximal part of the electron transport chain in a manner that is very well supported by the properties of mitochondria present in the preparations employed for the studies supporting the redox theory for hypoxic vasoconstriction.
Evidence for hypoxia increasing mitochondrial ROS as a mediator of pulmonary arterial response to hypoxia. Waypa et al. (105, 106) investigated the role of mitochondrial ROS in rat pulmonary responses to hypoxia and found some similarities and differences that pointed toward mitochondria increasing ROS production in hypoxia. This group developed evidence primarily from the properties of pulmonary arterial smooth muscle cell contractile and intracellular Ca 2ϩ responses that were very consistent with previous studies on ROS generation by mitochondria in multiple different nonvascular tissue preparations that defined the ubisemiquinone-complex III region of the mitochondrial electron transport chain as a key site of superoxide generation. In their studies, hypoxia was observed to promote an increase in ROS generation in cultured rat pulmonary arterial smooth muscle cells over a 30-min time period from a site inhibited by myxothiazol. This agent was shown to attenuate hypoxia-elicited vasoconstriction in perfused rat lungs and increases in intracellular Ca 2ϩ detected with fura-2 and contraction in cultured rat pulmonary artery smooth muscle cells without inhibiting similar responses to the contractile agent U-46619. A dose of rotenone was also found to inhibit the effects of hypoxia on contraction and intracellular Ca 2ϩ in a manner similar to myxothiazol, and similar results were observed by others in isolated rat pulmonary arteries (54) . The actions of antimycin in these studies by Waypa et al. were more difficult to interpret because whereas low doses of antimycin did not alter contractile responses to hypoxia in perfused lungs or increases in Ca 2ϩ in cultured pulmonary artery smooth muscle cells, higher doses caused contractile responses in perfused lungs and cells, associated with an attenuation of force generation by contractile agents. Pulmonary artery myocytes cultured with ethidium bromide for 2 wk to deplete essential electron transport chain subunits needed for mitochondrial function were shown to selectively loose their contractile response to hypoxia. In addition, the actions of agents used to inhibit anion channels and Cu,Zn-SOD and enhance the removal of hydrogen peroxide functioned in the direction of supporting a role for an increased hydrogen peroxide-elicited Ca 2ϩ release mediating contraction during hypoxia originating from superoxide that had to be released from anion channels and converted to hydrogen peroxide by SOD. Overall, the studies by Waypa et. al. are highly consistent with hypoxia increasing superoxide generation from the ubisemiquinonecomplex III region of the mitochondrial electron transport chain in the mechanism of hypoxia-elicited contractile responses in the rat pulmonary artery smooth muscle cell preparations utilized by this group.
Potential alternative explanations for the role of mitochondria in PO 2 -elicited vascular responses.
There is evidence that mitochondria may have additional mechanisms of contributing to vascular responses to hypoxia. It has been reported in a rabbit pulmonary artery primary cell culture preparation that hypoxia increased intracellular Ca 2ϩ detected by fura-2 from what appears to be a sarcoplasmic reticulum source in a manner that was enhanced by the mitochondrial uncoupler carbonyl cyanide m-chlorophenylhydrazone (CCCP), suggesting that mitochondria were functioning to buffer the Ca 2ϩ that was released (47) . In this study, it was also reported that hypoxia did not release Ca 2ϩ in primary cultures of rabbit coronary smooth muscle cells. It has been observed that mitochondrial electron transport inhibitors attenuate force generation in essentially all of the rat pulmonary vascular preparations where changes in mitochondria-derived ROS are reported to have a primary role in mediating contractile responses to hypoxia. In addition, most of these preparations also show a relaxation following the initial contraction to hypoxia, especially under extreme hypoxic conditions. This relaxation to extreme hypoxia has been shown to be associated with a glucose-dependent decrease in ATP levels (94) . In contrast, studies supporting the Nox oxidases in hypoxic responses have generally been conducted in bovine pulmonary arteries where mitochondrial inhibitors seem to have minimal effects on force generation or the response to hypoxia (58, 60) . One possible explanation for these differences is the potential absence in rats of the mitochondrial ATPase inhibitor subunit IF 1 that functions to prevent the consumption of cytosolic ATP for maintenance of mitochondrial membrane potential under conditions such as severe hypoxia (92) . Our studies also indicate that force generation in endothelium-removed bovine coronary arteries is essentially not altered by inhibition of mitochondrial electron transport by antimycin A (33), suggesting that the inhibition of mitochondrial function does not mimic hypoxia in these arteries. Although most systemic and pulmonary vascular preparations studied seem to maintain their ATP levels under hypoxia, hypoxia may modulate the function of cytosolic energy metabolizing systems in a manner that influences the function of cytosolic redox control mechanisms (112). Leach et al. (54) observed that severe hypoxia appears to cause an increase in NAD(P)H fluorescence in isolated rat pulmonary arteries that seems to originate from inhibition of the mitochondrial electron transport chain. Mitochondria may also be functioning to buffer Ca 2ϩ that is released from the sarcoplasmic reticulum (SR), and they are likely to have important metabolic interactions with the systems that control cytosolic NAD(H) and possibly NADP(H) redox, which could contribute to vascular responses to hypoxia.
PROPERTIES OF OTHER VASCULAR OXIDASES
The ROS generating activities in vascular tissue of xanthine dehydrogenase/oxidase, cytochrome P-450, NOS, and cyclooxygenase are normally thought to be quite low. However, these systems can be activated to produce ROS under conditions that stress the vasculature. The oxidase activity of xanthine dehydrogenase appears to be stimulated by p38 MAP kinase phosphorylation and by modification of this protein by thiol oxidation and proteolysis (13) . The expression and/or activity of xanthine oxidase in the vascular endothelium has been reported to be increased by conditions including hypoxia, inflammation, and hypertension. This enzyme normally uses hypoxanthine and xanthine, and perhaps cytosolic NADH, as substrates to generate superoxide and hydrogen peroxide when they are available. Conditions such as hypoxia or ischemia are thought to cause the accumulation of these substrates for xanthine oxidase and to increase the oxidase activity of this enzyme. The metabolism of substrates by cytochrome P-450 (11) and cyclooxygenase (48) can cause the generation of superoxide by these enzymes. Whereas the significance of these enzymes in regulating vascular function through the generation of ROS is not well understood, bradykinin has been reported to stimulate endothelial generation of ROS by these enzymes in certain preparations (25, 42, 48) . The NOS reaction can become a major source of endothelial cell hydrogen peroxide generation when its production of NO becomes uncoupled and the superoxide generating NADPH oxidase activity of this enzyme increases (4). Oxidation or depletion of the tetrahydrobiopterin cofactor for the NOS reaction is one of the most fundamental ways of increasing the NADPH oxidase activity of this enzyme. Whereas endothelial cell oxidant stress and peroxynitrite formation promote loss of tetrahydrobiopterin, the oxidase activity of NOS also appears to be enhanced or inhibited by many of the known ways of regulating the NOS reaction. Currently, there is an absence of information documenting the role of the enzymes considered here as sources of ROS generation within vascular smooth muscle cells in amounts linked to the control of signaling systems. However, it has been demonstrated that the endothelium has the ability to generate vasoactive levels of ROS from each of these systems under specific pathophysiological conditions. Thus these systems could potentially become endothelial cell PO 2 sensors regulating vascular function through ROS when they are activated to produce these species.
MECHANISMS OF INTERACTIONS OF ROS WITH CELLULAR SIGNALING SYSTEMS THAT COULD MEDIATE VASCULAR PO2-ELICITED RESPONSES
The intracellular levels of ROS in cells under basal physiological conditions associated with PO 2 sensing for superoxide and peroxide are likely to be in the picomolar and low nanomolar ranges, respectively (19, 113, 116) . Thus several factors are likely to be of major importance in controlling the interaction of these species with signaling systems under physiological conditions (113, 116) . First, the rate constant for reaction of the ROS with a component of the signaling system needs to be extremely high, such as in the range of 10 Ϫ6 to 10 Ϫ9 M Ϫ1 sec
Ϫ1
. Although metabolizing enzymes for ROS have rate constants in this region, there are few other interactions with protein functional groups that have known rates of reaction with ROS consistent with roles in physiological regulation. It is also possible that a subcellular colocalization of redox-regulated components of signaling systems with oxidases producing ROS could either allow the selective regulation of certain signaling systems or permit localized increases in ROS to levels that promote reactions with lower rate constants to occur. Interactions of individual ROS with catalase, GSH peroxidase, peroxiredoxins, and other metal centers such as heme peroxidases or thiols activated by binding metals such as iron or zinc are enzymes or sites on proteins where ROS can potentially initiate the modulation of signaling processes. For example, the metabolism of peroxide by GSH peroxidase or peroxiredoxins results in the formation of GSSG and oxidized thioredoxin (Trx), respectively, and perhaps the oxidation of NADPH to NADP through the GSH reductase and Trx reductase reactions. The formation of GSSG is thought to promote regulation through the glutathionation of protein thiols, whereas the Trx/Trx reductase system is thought to control multiple aspects of regulation through redox processes, such as the redox status of specific protein thiols. Peroxide metabolism through catalase can stimulate sGC (15) and perhaps regulate the activity of protein phosphatases (117) , and cyclooxygenase has a heme peroxidase activity that turns on and sustains the production of prostaglandins by this enzyme (59) . Oxidation of the zinc finger or zinc-thiol sites on PKC enzymes appears to be a mechanism through which ROS can directly activate this important regulatory system (49) . There is evidence that thiol redox can regulate many of the signaling systems thought to participate in PO 2 sensing, such as K ϩ and Ca 2ϩ channels, and Ca 2ϩ ATPases that promote Ca 2ϩ reuptake such as sarco(endo)plasmic reticulum Ca 2ϩ -ATPase (SERCA) (113, 116) . SERCA is the major reuptake system for Ca 2ϩ by the SR of vascular smooth muscle, and it could potentially to be a key site for regulation of vascular function by both redox and PO 2 . One of the most sensitive systems for regulation by ROS is the activity of sGC. Peroxide has several ways of stimulating sGC, including a process mediated by peroxide metabolism via catalase, and through peroxide activating the production of nitric oxide by endothelium (15, 18) . In addition, the most sensitive known sites for the actions of increased superoxide include inhibition of these mechanisms of sGC stimulation (21) . Thus multiple ROS and redox-linked cellular control systems could by regulated by changes in PO 2 .
MITOCHONDRIAL AND CYTOSOLIC REDOX SYSTEMS POTENTIALLY REGULATED BY HYPOXIA THAT COULD POTENTIALLY FUNCTION AS VASCULAR PO2 SENSORS

Organization of mitochondrial and cytosolic NAD(P)H redox systems.
Many cellular oxidation-reduction (redox) systems seem to interact in ways that suggest these processes are organized for participation in physiological regulatory processes, including the sensing of PO 2 . Whereas much is known about the properties of many of the enzymes that utilize the NAD(H) and NADP(H) pyridine nucleotides, there is only limited information on how these systems function in cellular regulation. Cellular metabolism is designed (80) to generate and use separate cytosolic and mitochondrial NADP/NADPH and NAD/NADH redox systems for the control of other redox components that are often more directly linked to signaling systems or to the control of physiological processes. The cytosolic pool of NADP(H) seems to be significantly reduced in most cellular systems that have been studied, whereas the cytosolic NAD(H) pool seems to be highly oxidized in most cells under baseline-type conditions (19, 80) . Recent studies are consistent with vascular smooth muscle having cytosolic redox control mechanisms that are regulated in a manner similar to other cellular systems that have been previously characterized (12) . The mitochondrial pool of NAD(H) is thought to be significantly reduced by the flow of substrates (pyruvate and fatty acids) into the Krebs cycle, but the redox status of this system appears to be dynamically regulated. Factors such as the balance between cellular work and the ability to maintain oxygen delivery to mitochondria and the availability of substrates for Krebs cycle energy metabolism derived from glycolysis and fatty acids to support cellular work may all contribute to the dynamic regulation of NAD(H) redox in the matrix of mitochondria. Mitochondrial NADPH levels seem to be dependent of aspects of energy metabolism that are similar to mitochondrial NADH, including some equilibration through isocitrate dehydrogenase and transhydrogenase enzyme activities, but NADPH levels also seem to be controlled by other processes, such as its consumption, as a result of the metabolism of oxidants such as peroxide. The mitochondrial shuttles (maleate-aspartate and glycerol phosphate) are thought to work together with the lactate dehydrogenase reaction to maintain low levels of cytosolic NADH and to also function as systems that permit mitochondrial-cytosolic redox interactions (see Fig. 2 ). The cytosolic NADPH pool is thought to be primarily derived from the initial enzymatic reactions of the pentose phosphate pathway (PPP) beginning with the glucose-6-phosphate dehydrogenase reaction. Although many enzymes are known to utilize NADPH including GSH reductase, Trx reductase, cytochrome P-450, NADPH oxidase, etc., their contribution to the consumption of NADPH seems to depend on factors that control the activity of each system. Because cytosolic NADH concentrations are kept low, it is likely that conditions such as tissue hypoxia, increased levels of mitochondrial NADH, and/or the availability of increased lactate cause metabolic conditions that allow cytosolic NADH to accumulate and become a potential factor in regulating cellular processes. Many systems that influence pyridine nucleotide redox are closely associated with enzymes that metabolize oxygen, and this creates interactions that are likely to be of great importance in the conversion of cellular PO 2 sensing information into the expression of a physiological response.
The original redox theory for hypoxic vasoconstriction developed by Archer et al. (9) emphasizes removal by hypoxia of an oxidation of cytosolic NAD(P)H and GSH redox in pulmonary arteries by ROS derived from mitochondria and other sources now thought to be systems such as Nox oxidases (77) . It has recently been reported that hypoxia increases NAD(P)H fluorescence in isolated rat pulmonary arteries in a manner that appears to originate from inhibition of the mitochondrial electron transport chain by a process similar to the actions of rotenone (54) . Although this could be viewed as being consistent with the redox theory of HPV, the increased NAD(P)H fluorescence in these pulmonary arteries remained elevated under hypoxia after the observed transient contraction response decayed. In addition, rotenone did not mimic the contraction to hypoxia, and succinate reversed the inhibitory actions of rotenone on the contraction to hypoxia without altering the detection of NAD(P)H fluorescence. In addition, earlier studies have shown that hypoxia causes a rapid increase in rat pulmonary artery NADH levels, without alterations in NADPH (94) . These observations could either originate from an absence of the ability to detect changes in cytosolic NAD(P)H redox localized to regions near mitochondria by the fluorescence methods used (77) or they may indicate that mitochondrial control of cytosolic redox is not a primary factor in the mechanism of pulmonary artery contraction to hypoxia.
The influence of NAD(P)H redox changes on the response of systemic arteries to hypoxia does not appear to have been investigated in previous studies. It is well established that hypoxic or ischemic organs usually release lactate. In addition, lactate is a vasodilator of most systemic arteries that have been studied (20, 115) . Our recent studies are detecting evidence that hypoxia relaxes bovine coronary arteries through a mechanism that seems to be associated with promoting the oxidation of cytosolic NADPH and GSH (35, 37) . Hypoxia appears to lower the levels of superoxide and hydrogen peroxide in these arteries, and modulating the levels of these ROS species does not influence expression of the relaxation to hypoxia (67, 69) . Thus changes in ROS generation by hypoxia do not appear to mediate the oxidation of NADPH and GSH that is observed. Our studies suggest that the oxidation of NADPH by hypoxia in coronary arteries is associated with decreases in glucose-6-phosphate, which is consistent with NADPH generation by the glucose-6-phosphate dehydrogenase reaction of the PPP being impaired by hypoxia. Inhibition of glycolysis with 2-deoxyglucose or mitochondrial electron transport with antimycin A does not promote coronary artery relaxation (33) . Thus the response to hypoxia does not seem to occur through directly inhibiting glycolytic or mitochondrial energy metabolism, and it does not mimic the actions of these inhibitors on redox systems such as cytosolic NADPH. Interestingly, our studies detect that pyruvate inhibits relaxation to hypoxia in bovine coronary arteries in a manner associated with preventing the oxidation of NADPH by hypoxia (37) . The actions of pyruvate further support the potential importance of a recently described PPP-regulated relaxing mechanism thought to be controlled by changes in cytosolic NADP(H) redox (33) in the response to hypoxia. Although it has been known since its initial discovery by Warburg (103a) that oxygen regulates metabolism through the PPP and that glycolytic metabolism competes with the PPP, the actual PO 2 -sensing mechanism and metabolic processes that link this hypothesized sensor to the control of cytosolic NADP(H) redox remain to be elucidated.
MECHANISMS OF INTERACTIONS OF NAD(P)H REDOX SYSTEMS WITH CELLULAR SIGNALING SYSTEMS
The localized concentrations of individual pyridine nucleotides can potentially have a major influence of regulatory systems that control the physiological behavior of cells such as processes that regulate vascular smooth muscle contractile function. Because contractile function is most directly controlled by cytosolic regulatory systems, this section will emphasize linkages of redox to the control of signaling in the cytosolic compartment. The availability of NADPH directly controls the maintenance of GSH and Trx redox through the reductases for these systems. The removal of peroxide by peroxiredoxins and GSH peroxidases is therefore linked to the ability of a cell to maintain its levels of NADPH. The levels of NADPH and NADH also appear to control the rates of generation of superoxide and peroxide generation by NADPH oxidases such as the Nox oxidases present in vascular smooth muscle (34, 97) . Thus the initiation of redox signaling resulting from the generation of oxidants, the levels of individual ROS potentially interacting with signaling systems, and the reversal of redox changes caused by oxidants are all controlled by the local concentrations of NADPH and NADH. The activation of Nox oxidases seems to be able to cause cytosolic NAD(P)H redox changes (12), but it is not known whether these changes are due to consumption by oxidases or the signaling actions of ROS that are generated. In addition, NADPH is a cofactor for the generation of vasoactive mediators produced in the vessel wall through enzymes such as NOS, cytochrome P-450, heme oxygenase, etc., and there are observations suggesting that specific pyridine nucleotides can the control the activities of some key systems regulating intracellular K ϩ and Ca 2ϩ .
CELLULAR SYSTEMS REGULATED BY ROS AND/OR REDOX THAT APPEAR TO CONTRIBUTE TO VASCULAR PO2 SENSING
sGC-derived cGMP. A cellular signaling system regulated by PO 2 and by multiple cellular redox systems and ROS is sGC. It has been known for ϳ30 yr that cellular cGMP levels appear to be controlled by PO 2 (22) . This enzyme can be directly regulated (57) through a heme group that binds nitric oxide and CO in its ferrous (Fe 2ϩ ) oxidation state (23), mechanisms described above for stimulation by peroxide, and there are superoxide and thiol redox-dependent mechanisms inhibiting rates of cGMP production. All these mechanisms that directly control rates of production of cGMP by sGC are also linked in additional ways to redox systems and PO 2 -regulated processes. Oxygen is required for the biosynthesis of nitric oxide, CO, and the ROS that regulate sGC, and it may control other cytosolic NADPH and NADH redox-linked processes that influence sGC activity. However, O 2 does not appear to directly bind to the heme of the mammalian form of sGC present in vascular tissue (31, 89) . The heme of sGC appears to be maintained in its ferrous oxidation state by a cytosolic NADPH-dependent methemoprotein reductase activity, and evidence has been detected in bovine coronary arteries for an oxygen-dependent oxidation of the heme of sGC to its ferric form known to be resistant to stimulation by nitric oxide (36, 44) . In addition to cytosolic NADPH and NADH being substrates for Nox oxidases generating ROS that potentially activate sGC, NADPH also has a key role in controlling the redox status of GSH for the metabolism of peroxide that regulates sGC and perhaps for modulating a thiol oxidation mechanism potentially promoted by GSSG that seems to directly inhibit the activity of sGC (66) . The literature contains evidence for cGMP mediating vascular relaxation through multiple systems shown in Fig. 3 that are associated with causing hyperpolarization by opening K ϩ channels and lowering vascular smooth muscle calcium through multiple mechanisms that have also been linked to regulatory systems thought to mediate PO 2 -elicited responses. We have provided evidence that hypoxia decreased cGMP in endothelium-removed bovine pulmonary arteries through processes that seem to originate from decreases in peroxide metabolism by catalase (16, 17, 75) . However, the role of this catalase-mediated system in controlling contractile responses was only supported with mechanistic probes available 15 yr ago that could potentially have other actions, and further study is needed to establish whether the regulation of sGC is mediating pulmonary artery responses to changes in PO 2 . An interesting aspect of this mechanism of regulating sGC is that it appears to be inhibited by nitric oxide in isolated pulmonary arteries and perfused rat lungs (68, 75) . The cGMP system appears to coordinate smooth muscle relaxation through its ability to regulate many processes that control force generation, generally as a result of activating cGMP-dependent protein kinases (PKG). Some systems that seem to be regulated by cGMP include mechanisms that control the release and reuptake of Ca 2ϩ and the sensitivity of the contractile apparatus to Ca 2ϩ (41, 55, 79) . In addition, there is evidence for the direct phosphorylation of subunits of the SERCA pump, the inositol 1,4,5-trisphosphate (IP 3 ) receptor, Ca 2ϩ -regulated K ϩ channels, and myosin phosphatase by PKG under conditions where cGMP promotes vascular relaxation. Phosphorylation by PKG can potentially increase SR Ca 2ϩ reuptake by SERCA, inhibit SR Ca 2ϩ release by the IP 3 receptor, cause hyperpolarization by opening K ϩ channels, and desensitize the contractile apparatus by stimulating myosin phosphatase. In addition, cGMP may function to inhibit the receptor-mediated generation of IP 3 by contractile agents. Thus when PO 2 controls ROS and/or redox systems that regulate the activity of sGC, changes in cGMP are likely to result in a coordination of mechanisms that regulate vascular smooth muscle force. K ϩ channels. The original redox hypothesis for pulmonary hypoxic vasoconstriction reported by Archer et al. (5, 9) included a thiol redox regulation of membrane K ϩ channels by mitochondrial oxidants modulating cytosolic redox. Since that time, much effort has been devoted to providing evidence that K ϩ channels are regulated through redox processes controlled by PO 2 . As the controversy over the PO 2 sensor continues, the end effectors responsible for modulation of vascular function to changes in PO 2 are also elusive. Initially, K ϩ channels were considered as potential targets for sensing PO 2 in carotid bodies. Post et al. (90) identified that voltage-gated K ϩ channel (K v ) currents were reduced by hypoxia in the adult dog pulmonary artery smooth muscle cells (PASMC) but not in renal artery smooth muscle cells. Others demonstrated that K v , Ca 2ϩ -activated K ϩ (K Ca ), and noninactivating K ϩ channel currents are modulated in rat and rabbit PASMC by hypoxia (62) . Inhibition of different K ϩ channels in rat and rabbit could be due to variation in species, gender and age of the animal, and location of pulmonary artery segments used in the studies. It has been reported that there are differences in the expression of K ϩ channels in the conduit and resistance PASMC and that there is a maturational shift in the expression from K v to K Ca channels (65, 109) . The debate over K ϩ channels as potential candidates for responding to PO 2 changes is another aspect of the controversy in this field, which is the focus of a recent review (61) . Our review is trying to define the actual targets of ROS and redox. The generation of oxidase-derived ROS in vascular smooth muscle and changes in the ratio of cellular reducing cofactors, including NAD ϩ /NADH, NADP ϩ / NADPH, and GSH/GSSG, caused by changes in PO 2 are currently thought to regulate the activity of K Ca and K v channels and thereby modulate membrane potential (62, 109) . Evidence indicates that oxidizing agents such as diamide, NAD ϩ , and GSSG open K v and K Ca channels of isolated rabbit PASMC by binding to a channel protein and/or by regulating the redox state of a cysteine residue on ␤-subunit (5, 87, 88) . It is thus proposed that inhibition of K v channels depolarizes membrane potential and increases Ca 2ϩ influx through L-type Ca 2ϩ channels, thereby inducing HPV. Further studies have identified that K v 1.5 play an important role in mediating HPV because it is a potential target for redox changes and HPV is abolished in K v 1.5 knockout mice (7) . Nonetheless, although studies link hypoxia and redox agents to K v channels, there is no direct evidence demonstrating whether redox changes occur on the channel protein. Thus the actual mechanisms through which redox signaling regulates opening and closing of K ϩ channels are currently not understood. Furthermore, some studies have shown that blocking K v channels with 4-aminopyridine does not prevent the expression of HPV (62, 104) .
PROCESSES CONTROLLING INTRACELLULAR CA
2؉
The major role calcium has in controlling vascular force makes it a key factor in any oxygen-sensing mechanism controlling vascular contractile function. Another hypothesis is hypoxia may directly modulate Ca 2ϩ channels and mobilization. McMurtry and colleagues (63, 102) were the first to report that Ca 2ϩ entry through L-type Ca 2ϩ channels plays a role in HPV. Using whole cell patch-clamp technique, Franco-Obregon and coworkers (27, 28) showed that rabbit PASMC voltage-gated Ca 2ϩ channels opened and closed by alternating a hypoxia-reoxygenation stimulus, respectively. They also demonstrated that resistance and conduit PASMC voltage-gated Ca 2ϩ channels were opened and closed by exposure to reductions in PO 2 (26) , thus indicating that either the expression or regulation of L-type Ca 2ϩ channels was different in conduit arteries that show minimal contraction to hypoxia compared with resistance pulmonary artery smooth muscle that generally contract to hypoxia. Additionally, some of the latest data also suggest that hypoxia stimulates opening of receptor-operated Ca 2ϩ channels and modulates Ca 2ϩ release from the ryanodinesensitive Ca 2ϩ stores that mediate HPV (76) . An interesting redox-linked mechanism for opening ryanodine channels through cyclic ADP ribose has been proposed for explaining the pulmonary artery contraction to hypoxia (24, 112) . In this model, hypoxia increases NADH, which functions to inhibit the breakdown of cyclic ADP ribose. Nevertheless, the precise mechanisms involved in regulating intracellular Ca 2ϩ by hypoxia are still unclear, and redox mechanisms have been shown to modulate many aspects of Ca 2ϩ mobilization in the response of pulmonary arteries to hypoxia (104) . For example, there is evidence that the direct inhibition of L-type Ca 2ϩ channels by thiol oxidation could be one of the potential mechanisms of regulating intracellular Ca 2ϩ (45) . Another signaling pathway that could modulate Ca 2ϩ influx or release is by the intracellular second messenger cGMP, since PKG is known to regulate Ca 2ϩ -and voltageactivated K ϩ activity (6) and to promote SR uptake of Ca 2ϩ by stimulating the SERCA pump through phosphorylation of phospholamban (41, 55, 79) . The SERCA pump was identified 15 yr ago as a target for regulation by ROS in vascular tissue (32) , and recent proteinomic studies are documenting the actual functional groups that undergo redox changes when this system is exposed to ROS and reactive nitric oxide-derived species (3). The question to consider is whether calcium is controlled by other systems discussed above that are regulated by redox such as cGMP, K channels regulating membrane potential, and capacitive Ca 2ϩ storage, or other systems also known to be potentially regulated by ROS or redox such as PKC, tyrosine phosphatases, Akt, Rho, and MAP kinases, etc., or if the Ca 2ϩ transport systems are directly controlled by redox. Because hypoxia typically causes contraction in pulmonary arteries and relaxation in systemic arteries under a wide variety of conditions through mechanisms generally associated with changes in intracellular Ca 2ϩ , it is likely that hypoxia modulates force through systems such as cGMP or cytosolic NADPH, which function to coordinate multiple aspects of the regulation of cellular Ca 2ϩ .
CONTROL OF CYTOSOLIC NADPH REDOX BY PPP
Cytosolic NADP(H) redox regulation by glucose metabolism through the PPP appears to control a coordination of multiple systems that regulate intracellular Ca 2ϩ levels and vascular smooth muscle force generation (33) . Inhibition of the PPP permits oxidation of cytosolic NADPH and GSH to occur, and this appears to result in a lowering of intracellular Ca 2ϩ through mechanisms potentially involving inhibition of voltage-and receptor-controlled Ca 2ϩ influx and intracellular release, hyperpolarization through opening K ϩ channels, and activation of Ca 2ϩ reuptake by the SERCA pump (33, 35) . There is evidence that many of these systems are controlled by either NADP(H) and/or GSH redox (2, 35) . Comparison of the actions of PPP inhibitors on the vascular preparations studied suggests that the apparent importance of the mechanism promoting relaxation seems to be dependent on aspects of the regulatory processes promoting contraction under the experimental conditions examined. Our recent studies are providing evidence that hypoxia promotes NADP(H) and GSH oxidation in endothelium-removed bovine coronary arteries associated with the expression of relaxation by these vessels through Ca 2ϩ -lowering mechanisms controlled by these systems (35) . Previous studies have found evidence (35, 64, 101) for stimulation of the SERCA pump, K ϩ channel opening, and decreases in the activity of Rho kinase in the relaxation of systemic arteries to hypoxia, and it is possible that all these processes could be controlled by redox changes in the cytosolic NADP(H) and GSH systems.
FUNDAMENTAL DIFFERENCES BETWEEN PULMONARY AND SYSTEMIC ARTERIES
Observations of hypoxia generally causing contraction in endothelium-removed pulmonary arteries and relaxation of systemic arteries suggest that differences are likely to exist in the sensors of PO 2 and/or in the signaling processes that link these sensors to the control of vascular force generation.
Whereas multiple systems may influence vascular responses to changes in PO 2 , several of the ROS and metabolic-linked redox systems considered in this review may be key factors in the origins of differences between pulmonary and systemic arteries. On the basis of studies conducted under conditions comparable to each other, evidence has been provided that rat renal arteries (64) and bovine coronary arteries (34) show lower levels of ROS than pulmonary arteries from these same species. Studies in the rat vessels suggest these differences originate from the mitochondria present in these arteries (64) . Mitochondria in the rat pulmonary arteries show a more depolarized membrane potential. In this study, rotenone was observed to mimic the effect of hypoxia in constricting the pulmonary and dilating the renal circulations, and depolarizing and hyperpolarizing, respectively, smooth muscle cells freshly isolated from arteries in these organs. In addition, mitochondria isolated from rat lungs generate more superoxide and peroxide, and they have lower levels of key subunits of components of the proximal part of the electron transport chain and greater levels of Mn-SOD than mitochondria isolated from rat kidneys. Our studies in endothelium-removed bovine arteries have observed other fundamental differences in the response of pulmonary and coronary arteries to hypoxia. The pulmonary vessels contract to hypoxia through processes that appear to originate from a lowering of basal NADPH-dependent Nox oxidase-derived peroxide levels (34, 72, 73) , and coronary arteries seem to be relaxing through a mechanism associated with a lowering of basal levels of NADPH (35, 37) . We have detected a variation in the control of cytosolic NADPH by the PPP between coronary and pulmonary arteries that may be a key factor in generating the differences in responses to hypoxia that are observed. A model for how these mechanisms function is shown in Fig. 4 . The pulmonary arteries appear to maintain a higher basal level of Nox-derived peroxide as a consequence of the higher levels of NADPH and glucose-6-phosphate dehydrogenase present in these arteries (34), whereas we hypoth- Fig. 4 . Model showing the key role of cytosolic NADPH redox control by glucose-6-phosphate dehydrogenase (G6PDH) in the PPP maintaining elevated levels of NADPH and a Nox oxidase-mediated relaxation in bovine pulmonary arteries inhibited by hypoxia. In contrast, the lower levels of G6PDH in bovine coronary arteries permit hypoxia to promote a relaxation controlled by oxidation of NADPH.
esize that hypoxia may lower NADPH in coronary arteries as a result of the less effective ability of the PPP to compete with glycolysis for glucose-6-phosphate originating from the lower levels of glucose-6-phosphate dehydrogenase that appear to be present in these vessels. Our studies have detected evidence that reoxygenation following a hypoxic period of ϳ15 min or greater causes a transient increase in superoxide-and peroxidemediated relaxation in both bovine pulmonary and coronary arteries from sources that have the properties of Nox oxidases (67, 69, 70, 72, 73) . Thus there is evidence for several differences between pulmonary and systemic arteries related to the properties of mitochondria, sources of ROS, and the control of cytosolic NADPH redox.
There is also evidence for major differences in the processes through which ROS and redox changes regulate vasoactive responses in pulmonary and systemic arteries. The observations made in rat arteries by Michelakis and colleagues (64) have been hypothesized to originate from hypoxia causing contraction in pulmonary arteries by decreasing the ROS and their actions on opening voltage-regulated K ϩ channels, whereas renal arteries show increased ROS under hypoxia, and this is suggested to cause relaxation through opening K ϩ channels. There is also evidence for differences in K ϩ channel responses in rat pulmonary arteries compared with ductus arteriosus originating from conditions that modulate thiol redox (84) . In the ductus arteriosus, increasing PO 2 and thiol oxidation causes decreases in K ϩ currents, increases in intracellular Ca 2ϩ , depolarization, and contraction, whereas the opposite responses are seen in pulmonary artery smooth muscle. Our studies in bovine arteries have suggested that responses linked with hydrogen peroxide appear to be mediated through it stimulating sGC to increase cGMP, whereas the relaxation resulting from the oxidation of cytosolic NADPH appears to control a coordinated set of mechanisms that lower intracellular Ca 2ϩ (33) . Our previous work has also detected contractile responses to peroxide in both bovine pulmonary and coronary arteries; however, these responses seem to require rather large concentrations of peroxide or a selective activation of what appears to be Nox-2 by stretch (15, 81, 82) . Thus there is also evidence for several differences between pulmonary and systemic arteries related to the way ROS and redox changes influence the control of vascular force.
POTENTIAL ORIGINS OF CURRENT CONTROVERSIES IN ROS AND REDOX MECHANISMS OF VASCULAR PO2 SENSING
Responses of vascular smooth muscle to changes in PO 2 mediated through ROS and redox appear to involve one or more O 2 sensors that control signaling systems that potentially contain components that interact with each other. Some systems that are components of PO 2 -regulated processes are likely to adapt to conditions in the physiological environment seen by the vascular smooth muscle, such as low PO 2 in the pulmonary artery, fluctuations in PO 2 caused by respiration in the lung, and tissue metabolism in the microcirculation of organs or vascular beds such as muscle, pressure-induced stretch in the systemic arterial circulation, autacoids, and tissue-derived metabolites. There are many observations indicating that autacoids such as nitric oxide, eicosanoids and ROS derived from endothelium, and tissue-derived metabolites including lactate, adenosine, ROS, and decreased pH are potentially contributing factors in vascular responses to acute exposure to hypoxia in preparations where these substances have the potential to regulate vascular force. When vascular smooth muscle is cultured, the culture conditions may cause adaptations in regulatory systems originating from growth-promoting conditions, an absence of physiological stretch, and the PO 2 and metabolic environment of the cell culture. These adaptations could affect the functions of key signaling systems including oxidases and components of energy metabolism such as glycolytic and mitochondrial enzyme expression linked to the control of redox. When vasoactive stimuli such as contractile agents or perturbations of ion transport systems are used in studies examining mechanisms involved in responses to changes in PO 2 , the contributions of signaling mechanisms controlling force or membrane potential may be altered in a manner that changes the apparent significance of the control mechanisms regulated by PO 2 . These factors should be considered in looking for explanations for some of the differences observed in vascular ROS and redoxassociated PO 2 -sensing mechanisms documented with in-depth, carefully conducted studies considered in this review.
The current hypotheses on ROS and metabolism-linked redox PO 2 -sensing mechanisms contributing to pulmonary artery smooth muscle-derived force responses to hypoxia need to be investigated in a manner that gives further consideration to relationships between the fundamental processes that are potentially involved. There is what appears to be conflicting evidence for PO 2 sensing by multiple sources of ROS generation. Initial studies with crude pharmacological-type probes supporting a role for NAD(P)H oxidases (now termed Nox oxidases) in providing ROS changes that control the pulmonary artery contractions to hypoxia need to be supported by identifying a specific role for at least one of the Nox oxidases present in vascular tissue in these responses. Since hypoxic contraction was seen in mice lacking Nox-2 (gp91phox), this form of Nox oxidase does not appear to be a primary PO 2 sensor in hypoxic vasoconstriction. Our recent studies have also identified Nox-4 in endothelium-removed bovine pulmonary arteries (34) . Because this form of Nox (initially called renox) has been proposed as a tissue PO 2 sensor in the renal erythropoietin system (30) , further studies are needed to define the role of this oxidase. Although there is very convincing data that exposure to hypoxia causes cultured pulmonary artery cells to show that hypoxia increases mitochondrial ROS production linked to increases in intracellular Ca 2ϩ , these studies need to be extended into functional pulmonary vascular preparations that show reproducible rapidly developing contractions on exposure to hypoxia. These studies also need to be extended into systemic vascular smooth muscle cells to provide evidence that pulmonary cells have a unique property associated with ROS generation that can contribute to hypoxiaelicited contraction. Studies supporting a role for hypoxia decreasing mitochondria-derived ROS are generally based on mitochondrial probes such as rotenone-altering responses and the detection of ROS. Although these data suggest an important role for mitochondrial function in the responses observed, actions of the probes used in these studies do not seem to be consistent with their observed effects on mitochondria-linked ROS generation because rotenone (and antimycin) could potentially increase Krebs cycle-derived NADH-dependent ROS generation. Mitochondrial probes are also likely to have major effects on both energy metabolism and the control of cytosolic NAD(P)H redox systems that could influence PO 2 -linked vascular responses in ways that remain to be defined. The extensive studies supporting key roles for ROS-and/or redoxregulated K ϩ channels provide very convincing data for their contributions to PO 2 -elicited changes in ion channel and contractile function. However, the actual mechanisms controlling the channels have not yet been defined. K ϩ channels, systems controlling intracellular Ca 2ϩ , and the actions of Ca 2ϩ on the contractile apparatus have many components controlling their influence on force that could be regulated through ROS-and metabolism-linked redox systems. For example, K ϩ channels are components of highly interactive systems associated with the function of capacitive Ca 2ϩ stores, cell membrane potential, and calcium-linked control of ion channel function. There are many sites through which ROS and/or redox could control this interactive system, including mechanisms mediated through cGMP. Although our studies in bovine pulmonary arteries support a mechanism where hypoxia lowers ROS generation associated with decreases in a peroxide stimulation of sGC, the actual role of cGMP in controlling the force response to hypoxia needs to be better defined. Thus the complexities of the way ROS and redox systems potentially influence the interactive systems that control intracellular Ca 2ϩ and force may be a major factor in the diversity of observations that exist in the area of how pulmonary arteries respond to hypoxia. There is also evidence for several different mechanisms through which pulmonary arteries contract to hypoxia and systemic arteries relax under similar conditions related to processes involving ROS and cellular redox systems. Our elucidation (33) of how modulating cytosolic NADPH redox through the function of the PPP regulates the coordination of multiple NADPH and thiol redox-controlled signaling mechanisms that lower calcium and Nox oxidase activity through limiting the availability of NADPH has provided new mechanisms that could potentially contribute to explaining some of the poorly understood issues in the diversity of vascular responses to hypoxia. Observations that hypoxia typically causes smooth muscle contraction in pulmonary and relaxation in systemic arteries across multiple species and experimental conditions suggest that hypoxia should function through systems such as cGMP or cytosolic NADPH, which seem to be designed to coordinate multiple aspects of the regulation of force generation.
